An electromagnetic method was adapted to quantitatively measure blood flow through an external pudic artery of the udder in lactating cows during several months. Blood flow through the ipsilateral external pudic vein was blocked while blood was taken from a subcutaneous abdominal vein.
Introduction
In ruminants, quantitative data can be obtained regarding milk synthesis by simultaneously measuring mammary absorption of milk precursors and their appearance in milk components. In these types of experiments, measurement of the mammary blood flow is required. Recently, Bickerstaffe et al. (1974) measured mammary blood flow in lactating cows with a urea method based upon the Fick principle as well as mammary venous outflow from a subcutaneous abdominal vein, using continuous thermodilution.
An electromagnetic method has been used in acute experiments to study blood flow through an external pudic artery of cows (Dhondt et aL, 1973) . Calibrating the flow signal has made this method applicable to quantitating mammary blood flow in chronic experiments. In many cows, blood in the subcutaneous abdominal veins is mixed with blood not of mammary origin (Linzell, 1974) . Therefore, blood flow through the ipsilateral external pudic vein was blocked by insertion of a balloon-tipped catheter.
Our methods, together with some results are described.
Materials and Methods

Animals and Diets. Three Red and White
East Flemish cows ( b Range, number of days on which blood flow measurements were performed in parentheses.
CRange, number of observations in parentheses.
concentrates and hay twice daily at 800 and 1600 hours.
Implantation and Calibration of Flow Probes.
Cows were tranquilized with xylazine (.2 mg/kg body weight), then given an epidural injection of 10 ml of 2% xylocaine. With the cow in a recumbent position, a horizontal incision, 10 cm in length was made in the inguinal area dorsal to one udderhalf, following desensitization of this area with 2% procaine. An external pudic artery was dissected over a distance of -+ 3 cm, its diameter measured and a flow probe with a 10% larger inner diameter (11, 14 and 16 ram) was placed around the artery. The cable of the probe was exteriorized at approximately 20 cm beneath the ischiadic tuberosity (figure 1). Venous vessels crossing the two halves of the udder were tied off. For ease of sampling arterial blood, part of one common carotid artery was brought up under the skin of the neck as described by Dhondt et al. (1973) .
For flow measurement, the probe was connected to a square-wave flow meter and the f t I Figure 1 . Technical details for blood flow measurement in cows udder 9 A: aorta; B: iliac artery; C: external pudic artery; D: external pudic vein; E: subcutaneous abdominal vein; F: perineal vessels; G : piece of hard rubber tube; H: cable of probe; I: Fogarty catheter. phasic flow and its integrated value recorded on a Mingograph 800 (Elema-Scht~nander, Stockholm). Zero flow was determined by occlusion of the ipsilateral iliac artery via the rectum .
Three weeks after implantation, the flow probe was calibrated. The external pudic artery was dissected peripherally from the probe, over a length of 3 cm in the anaesthetized (as described), recumbent animal. After intravenous injection of 100,000 USP units of heparin, a teflon cannula (3.2 mm o.d.) was inserted into the artery followed by intravenous infusion of a 10% solution of the muscle-relaxant guajacol glycerin-ether (1 ml/kg body weight). The artery was clamped distally from the cannula for 30 sec, arterial blood (240 to 450 ml) was collected from the cannula into a graduated cylinder and at the same time, the arterial flow was monitored. The calibration procedure was repeated at least seven times (Coefficient Variation = 2.5%). For each flow probe a regression equation was developed between the peak area of the flow signal and the measured blood flow. The signal was highly correlated (r = .99; P<.001) and was directly proportional to the measured blood flow (table 2). After removal of the cannula and suturing of the artery, the collected blood was returned to the cow by IV infusion followed by a 30 ml protamine solution (6.6%).
Insertion of a Fogarty
Catbeter and Sampling of Blood. During the following weeks, blood flow to the udder half was repeatedly measured while the cows were standing in their stalls. Moreover, at intervals of 1 week or more, blood samples were taken from cows 14 and 24.
Immediately after the morning milking, the cow was fixed on its side while under epidural anaesthesia. Polyethylene catheters were inserted under local anaesthesia into the surgically displaced carotid artery and the subcutaneous abdominal vein on the side of the implanted probe. Furthermore, a cannula (5.3 mm o.d.;4 mm i.d.) was inserted into the same subcutaneous abdominal vein and a Fogarty catheter inserted via the cannula. This is a flexible, balloon-tipped catheter (Fogarty occlusion catheter, 8-14 F, Edwards Lab., Santa Ana, CA) fitted with a cock at the opposite end. Catheter length was 80 cm and diameter of the inflated balloon 28 millimeters. The catheter was inserted 30 to 45 cm, measured from the cranial margin of the udder. This distance varied from one cow to another and was determined during flow probe calibration. The balloon extended to the origin of the external pudic vein (figure 1). The part of the catheter with the cock was attached to the abdominal wall. The complete procedure for insertion of the Fogarty took 30 min and was without complications in cows 14 and 24. These cows were tested and selected from this point of view before implantation of probes. Because insertion of a Fogarty was difficult in cow 10, no bloodsampling was performed in this animal.
Five to 6 hr later, blood was sampled from the conscious animals standing in their own stalls. Maximum precautions were taken to ensure that sampling occurred without disturbance. The cows stood quietly throughout all the experiments, ate readily when fed and ruminated. Initially, blood was drawn manually, but was later pumped simultaneously out of both the carotid artery and the subcutaneous abdominal vein by means of a peristaltic pump, at a constant rate (30 ml in a period of 10 min) according to a modified technique of Fleet and Linzell (1974) . Prior to taking a pair of samples, the Fogarty balloon was inflated with 10 ml of air and a zero flow was recorded. During collection, pudic arterial flow was continuously monitored, the ipsilateral external pudic vein was occluded and the perineal vein, which conducts blood to the udder, was clamped by aRegression of peak area of electromagnetic flow signal (X) on blood flow (Y; ml/min).
means of a hard rubber tube in the median line, halfway between udder and vagina. Following collection of the same pair, air was evacuated and again a zero flow was recorded. Blood flow during sampling was usually as high as on control days. Only samples in which a high blood flow level during sampling was maintained close to or higher than those on control days and in which zero flow remained stable, were retained for further analysis. Milk sampling. Cows were milked three times a day (800, 1600 and 2200 hr) and milk from the udder half under study for all three milkings were combined. In balance experiments, the average daily milk yield was calculated from the yield obtained during the 3 days before and the 3 days after the day of blood sampling. No significant difference between the average milk yields before and after sampling was found. A composite milk sample from the same periods was taken for analysis. Milk from the day of sampling was excluded from the composite to avoid possible effects upon secretion, due to surgical intervention.
Glucose, Amino Acids, 02 and C02 Analysis. Plasma glucose was assayed with the glucose oxidase method (Huggett and Nixon, 1957) . Neutral and acidic amino acids were analysed with an automatic amino acid analyser by using an Aminex A6 column (Bio-Rad Laboratories), analogous to the method described by Percy et al. (1968) . Basic amino acids were separated as described by Verbeke et al. (1972) . Tryptophan was assayed with the method of Denckla and Dewey (1967) , as modified by Bloxam and Warren (1974) . Uptake of milk precursors by the udder half was calculated as the product of AV differences and plasma flow.
Amino acid composition of milk (.2 ml aliquots) was determined after hydrolysis in sealed evacuated ampules with 6 ml 6 N HC1 at 110 C during 5.5, 21 and 72 hr, respectively. Results were obtained after extrapolation for destruction of some amino acids during hydrolysis and for slow release of others (Tristram and Smith, 1963) . Since approximately 90% of milk proteins are synthesized in the udder, chromatographic figures were corrected for the contribution of plasma proteins. Blood was analysed for 02 and CO2 by means of the Van Slyke manometric apparatus.
Lipid Analysis. Plasma acetate, D(-) -/J-hydroxybutyrate and free fatty acids (FFA) were determined by conventional methods. For lipoprotein fractionation, blood was collected into tubes containing ethylenediaminetetraacetic acid disodium salt 5 mg/miUiliters. Very low density lipoproteins (VLDL, d< 1.006 g/ml), low density lipoproteins (LDL, 1.006<d<1.050 g/ml) and high density lipoproteins (HDL, d > 1.050 g/ml) were obtained by uhracentrifugation of plasma according to a modified technique of Havel et al. (1955) .
After extraction of plasma and lipoprotein fractions, appropriate internal standards were added. Triglycerides (TG) were separated by thin layer chromatography on Merck silica gel H and methylated (West and Rowbotham, 1967) . Gas liquid chromatography (GLC) was performed on 5% ethylenesuccinate-methylsilicone on Gaschrom Q 100 to 120 mesh (Appl. Sci. Lab.) at 155 C.
Milk TG was methylated (Christopherson and Glass, 1969) and analysed by GLC (Smith et al., 1974) .
Statistical Analysis. Data are presented as means +-standard error of the mean. Significant treatment differences were determined using the paired t-test. Blood flow and milk yield data were analysed by an analysis of variance with milk yield as an independent variable (Sokal and Roll, 1973) . Tests for heterogeneity of regression and differences in slope were performed by covariance analysis (Snedecor, 1946) . samples were taken. One to five flow measurements were carried out daily and the average used. Measurements began 6 weeks after cows had calved when milk yield was high but peak yield was over. There followed a steady decline in yield, accompanied by a progressive decrease in blood flow. Variance analysis demonstrated differences (P<.01) in blood flow associated with variability due to milk yields (in blocks with milk yields increasing by .25 liter) and cows (n = 3; table 3). In addition, mammary blood flow was highly correlated with milk yield. Differences between cows were due to the limited milk yield range over which the blood flow of cow 24 was studied as compared with cows 10 and 14 (table 1). Tests for heterogeneity of regression of milk yield on blood flow indicated that the responses were parallel for all three cows. The relation between rate of milk formation and blood flow is shown in figure 2 . The average blood flow/milk yield ratio over the entire experimental period was 507:1 (table 1) .
Results
Blood Flow Values in Udder
Protein Metabolism. Twenty-one AV difference measurements taken during three experimental sessions demonstrated a fairly constant variation in arterial amino acid concentration (coefficient of variation, 5 to 10%) (table 4). The coefficient of variation of AV differences of essential amino acids (except for histidine and tryptophan) was about 10%, but larger variations were noted for nonessential amino acids (NEAA). A definite absorption by the udder is indicated when AV differences have a positive 95% confidence limit (AV/SE~>Students t-value P<.05). Therefore, uptake of most of the plasma amino acids, except taurine, glycine, aspartic acid and citruUine was demonstrated.
Relatively large extraction ratios (E = AV/AX 100) were observed for leucine, lysine, methionine and ornithine (table 4). The coefficient of variation for extraction of most amino acids, citrulline, aspartic acid, glycine, histidine and tryptophan excepted, was relatively low (about 10%). This is consistent with the highly significant correlations between the AV differences of several amino acids and their corresponding arterial concentrations (table 5) . These correlations were not observed on goats, except after infusion of amino acids in the mammary artery (Mepham and Linzell, 1974) .
Uptake of EAA was generally sufficient, but uptake of NEAA varied and was generally inadequate to provide for the corresponding amino acid residues in milk protein (table 4) . There was a close balance between uptake and output for tryptophan. For valine, isoleucine and lysine uptake to output ratios larger than one were observed. Uptake of arginine was high, while uptake of histidine and methionine was consistently lower than its secretion. Total uptake of amino acid nitrogen and carbon was sufficient to provide for the nitrogen and carbon of secreted milk protein: uptake to output ratios for nitrogen and carbon were 106 and 101, respectively. The milk protein nitrogen output figures, as calculated from the chromatographic results, agreed with Kjeldahl analyses, within a margin of 5%. AV differences of EAA (arginine excepted) were significantly correlated (r = .94 to .98) with their content in milk, as reported previously (Verbeke and Peeters, 1965) .
Glucose Uptake and Lactose Output. :There was little fluctuation of arterial glucose concentration during blood sampling periods. In all, 21 observations were performed upon two cows during three different experimental sessions: 19% more glucose was taken up than needed for production of lactose (table 6), which is similar to the results of Bickerstaffe et al. (1974) .
Lipid Metabolism. Four experimental sessions were carried out on cow 24 demonstrating significant net AV differences for acetate,/3-hydroxybutyrate and TG (table 7) . Uptake of plasma TG palmitate and oleate was lower than its secretion into milk, while stearate was taken up in excess; there was excellent agreement between deficit in uptake of oleate and excess uptake of stearate.
Total TG levels in arterial plasma were low. Only the main fatty acids C16:0, C18:0 and C18:1 considered for calculations of balances after ultracentrifugal analysis ( bArterio-venous difference calculated as a percentage of the arterial concentration. ratio of very low density lipoproteins (VLDL) TG fatty acids as compared to total arterial TG fatty acids only amounted to 11.5 + 4.5%. Chylomicra were virtually absent. From the total amount of TG fatty acids taken up by the gland, the VLDL and low density lipoproteins (LDL) accounted for 14.7 + 5.8% and 66 -+ 9.4%, respectively. Both fractions showed high and constant extraction ratios. TG of the high density lipoproteins (HDL) fraction represented 34 + 3.4% of the total arterial fatty acids. In three of the four experiments, there was a definite uptake of the HDL fraction, although the extraction ratio was lower as compared to the VLDL and LDL fractions. In the fourth experiment, these lower density fractions accounted completely for the uptake of lipoproteins.
Discussion
Methods of Blood Flow Measurement and Blood Sampling. The electromagnetic method measures mammary blood flow directly and does not depend upon the condition of valves in mammary veins. But, if representative sampling of mammary venous blood is required, the condition of the valves is very important. In cows in their second or subsequent lactation, most or even all of the blood of the udder leaves via the subcutaneous abdominal veins in standing animals. According to Kjaersgaard (1974) and Linzell (1974) , valves of external pudic veins are incompetent in most older cows, so that, when standing, blood not of mammary origin can enter the external pudic vein and dilute mammary blood in the subcutaneous abdominal vein.
Thus, it would be desirable to clamp the external pudic vein manually, while sampling blood from a subcutaneous abdominal vein. Since this procedure is difficult to perform in cows (Kronfeld et al., 1968) , occlusion of this vein by means of an inflated balloon was attempted. Although insertion of a Fogarty catheter was only a minor operation in cows 14 and 24, it was necessary to fix the animals on their sides during a period of 30 minutes. Linzell (1960) has shown that there was a marked decrease in mammary blood flow lasting for 1 to 1.5 hr, when goats were recumbent. Therefore, we carried out blood flow measurements and blood sampling simultaneously, 5 to 6 hr after insertion of the catheter. If the flow during sampling is either equal to or higher than under control circumstances, it seems reasonable to assume that the milk synthetic activity is close to that under normal circumstances.
After sacrifice, dissection of the venous system of the udder demonstrated incompetent valves in the external pudic veins in each cow. Furthermore, these veins could be occluded on the excised udder by insertion of a Fogarty catheter via the subcutaneous abdominal veins and inflation of the balloon.
Rate of Mammary Blood Flow. In goats
secreting maximum quantities of milk, the blood flow to milk yield ratio is about 400:1 and increases to 500:1 over the main part of the lactation curve (LinzeU, 1974) .
The antipyrine-absorption method established that on the average a cow with a yield of 20 liters/day, had a blood flow to milk yield ratio of 750:1 (Kronfeld, 1969) . This method bin each experimental session, the mean milk yield and the mean lactose concentration from 3 :days before and 3 days after bloodsampling was calculated.
Cuptake %: arterio-venous difference calculated as a percentage of the arterial concentration.
overestimates mammary blood flow (Reynolds et al., 1968) and Bickerstaffe et al. (1:974) found an average flow of 6.2 liter/min (range 3.5 to 8.5) and a blood flow to milk yield ratio of 459:1 (range 404 to 529) in six cows with an average milk yield of 19.5 liters/day. Maximum milk production was over at the time of our experiments, with an average milk yield in one udder half of 7.57 liter/day, a blood flow 2.768 liter/min and a blood flow to milk yield ratio 507:1. In agreement with observations made by Kronfeld et al. (1968) and Bickerstaffe et aL (1974) , we found a highly significant correlation between milk yield and mammary blood flow. There is also agreement for uptake of 02 and respiratory quotient values.
Uptake of Amino Acids. In contrast with Bickerstaffe et al. (1974) , uptake of isoleucine consistently exceeded its output in milk protein.
In accordance with previous results on cows (Verbeke and Peeters, 1965) , an important uptake of ornithine was observed, while an excessive uptake of arginine (Derrig et al., 1974; Bickerstaffe et al., 1974) was also demonstrated.
Since the absorption of nitrogen is roughly adequate to provide for all the nitrogen of milk protein synthesized, part of the absorbed amino acid nitrogen must be metabolized towards NEAA nitrogen. This was confirmed in perfusion experiments carried out in the presence of (Roets et al., 1976) , in which it was shown that the 6-aminogroup of ornithine provides nitrogen for the synthesis of NEAA in the mammary gland. In our balance experiments, the excess uptake of arginine, together with the ornithine and citrulline absorbed by the mammary gland, would compensate for the nitrogen deficit of casein proline and glutamic acid. Metabolism of the excess uptake of valine or isoleucine would also provide for part of the nitrogen necessary for NEAA synthesis. Uptake of Lipids. Bickerstaffe (1971) and Bickerstaffe et aL (1974) measured AV differences and determined blood flow through the bovine udder, while attempting to sample mammary venous blood free from contamination with blood not of mammary origin. Plasma TG accounted for 35 to 80% of milk TG. Glascock et al. (1966) using tritium labeled TG calculated that 35 to 48% of milk fat was derived from the lipoprotein TG. Our data showed a total plasma TG uptake equivalent to 45.6 -+ 2.9% of the milk TG output.
Results concerning the proportion of palmitic acid of milk fat derived from plasma TG palmitate are in good agreement: values of 41% and 45% were calculated by Palmquist et al. (1969) and Glascock and Welch (1974) , respectively. According to Bickerstaffe et al. (1974) , 37% of patmitate and 43% of oleate of milk fat were derived from plasma lipoproteins, whereas we found 35% for both palmitate and oleate. Gooden and Lascelles (1973) concluded that most of the TG fatty acids removed by the mammary gland were carried in the blood as VLDL lipoproteins and chylomicrons, whereas Glascock and Welch (1974) found that milk fatty acids were derived from fractions with d < 1.050. Bickerstaffe (1971) and Bickerstaffe et al. (1974) showed a significant and consistent extraction of TG from the LDL lipoproteins. Moreover, in three out of four experiments there was a significant mammary uptake of TG from the HDL lipoproteins. In our experiments, the fractions d<1.006 and 1.006<d<I.050 contribute mostly to the milk fat synthesis. In three of the four experiments there was an additional contribution of the lipoproteins d> 1.050, in accordance with results of Bickerstaffe (1971) . Low arterial TG levels in cow 24 might explain the need for the contribution of the d> 1.050 fraction in the formation of milk fat.
